Regulation of circRNA biogenesis
Ling-Ling Chen 1 polarity nor polyadenylated tail. This intrinsic characteristic has led to the general under-estimation of the existence of circular RNAs in previous polyadenylated transcriptome analyses. With the advent of specific biochemical and computational approaches, a large number of circular RNAs from back-spliced exons (circRNAs) have been identified in various cell lines and across different species. Recent studies have uncovered that back-splicing requires canonical spliceosomal machinery and can be facilitated by both complementary sequences and specific protein factors. In this review, we highlight our current understanding of the regulation of circRNA biogenesis, including both the competition between splicing and back-splicing and the previously underappreciated alternative circularization.
Covalently closed circular RNAs were originally identified in plant viroids, 1 yeast mitochondrial RNAs, 2 and hepatitis d virus. 3 Later, circular RNAs were sporadically uncovered from either exons [4] [5] [6] or introns, 7, 8 which were thought as by-products of spliceosome-mediated splicing errors (mis-splicing with scrambled exon orders) 9,10 or intermediates escaped from intron lariat debranching, 7, 8 thus they are unlikely to play important roles in biological processes.
Being covalently closed, without polyadenylation at their 3 0 ends, 11, 12 most circular RNAs have fallen below the radar of transcriptomic polyadenylated RNA profiling. 13, 14 Recently, with the depletion of both polyadenylated RNAs and rRNAs, non-polyadenylated human RNAs could be enriched for RNA sequencing (RNAseq) analysis and unexpected RNA-seq signals were accumulated in certain exons (called excised exons) or introns (called excised introns). 15 These non-polyadenylated signals were further confirmed as circular RNAs from back-spliced exons (circRNAs) 16 or stabilized introns, having escaped debranching (circular intronic RNAs, ciRNAs). 17 Nowadays, circRNAs have been extensively identified among a variety of transcriptomes.
12,18/23 Although most of them are lowly expressed, some circRNAs have been proven to be more abundant than their linear counterparts. 20 So far, endogenous circRNAs are not reported to associate with ribosomes for translation, 18, 21 indicating that they have a tendency to function as a new class of long noncoding RNAs (lncRNAs). However, exogenous circRNAs engineered with internal ribosome entry site (IRES) elements can be translated in vitro 24 or in vivo, 25 thus we can not exclude the possibility that some circRNAs are translatable.
The biogenesis of circRNAs via backsplicing is different from the canonical splicing of linear RNAs. 12 Interestingly, it is also distinct from the formation of other types of circular RNAs, including but not limited to those generated by direct single strand RNA ligation, 26 derived from intermediates of processed rRNAs 27 or circularized introns escaped from debranching 7, 8, 17 (reviewed by Lasda and Parker 28 ). Here, we highlight recent advances in our understanding of circRNA biogenesis, with a particular focus on its regulations and the competition between back-splicing for circular RNAs and canonical splicing for linear ones. Fig. 1 ). However, evidence for co-expression of endogenous circRNAs and putative linear RNAs with exon exclusion is absent in most circRNAs, 11, 16, 18 possibly due to their fast degradation. Nevertheless, it has been shown that both canonical splice signals and canonical spliceosomal machinery are required for back-spliced circularization. 29, 30 In addition, the majority of highly expressed circRNAs are usually processed from internal exons of pre-mRNAs and normally contain multiple exons, indicating that back-splicing is generally coupled with canonical splicing. 12 The coupling between splicing and back-splicing can be exemplified by a simple case illustrated in Fig. 1 . A canonical alternative splicing event (canonical splicing 1 ) joins 2 non-sequential exons together to form a linear RNA with skipped middle exons. This is coupled with the covalent circularization of the skipped middle exons by back-splicing (back-splicing 2 ). Very often, these 2 skipped middle exons are further processed by another canonical splicing event (canonical splicing 3 ) to remove the intron between them (discussed below). Two models have been proposed to explain the underlying mechanism of back-spliced circularization. 11, 16, 18, 20, 28 Broadly speaking, the notable difference between these 2 models is which step, canonical splicing or back-splicing, happens first (Fig. 2) .
Which Comes First, Canonical Splicing or Back-Splicing
If canonical splicing happens first, it will initially generate a linear RNA with skipped exons and a long intron lariat containing these skipped exons, which are then back-spliced to generate a circRNA ( Fig. 2A) . Thus, this model is referred to as "exon skipping" or "lariat intermediate" model. 11, 16, 18, 20 On the other hand, if the back-splicing happens first, it will directly generate a circRNA together with an exon-intron(s)-exon intermediate, which can be further processed to produce a linear RNA with skipped exons or be potentially degraded (Fig. 2B) . Accordingly, the second model has been highlighted as "direct back-splicing." 11, 16, 18, 20 Although detailed lines of biochemical evidence are still required to evaluate these models, it appears that both proposed models can be effective in vivo.
11,28
In both models, the expression of a circRNA is theoretically associated with an alternatively spliced linear RNA with exon exclusion (Fig. 2) . However, although it has been exemplified in recapitulated assays, 12 the correlation of endogenous circRNAs with alternatively spliced linear RNAs could only be identified in some, but not all, circRNA regions. 11, 12, 18, 28 Thus, to what extent the correlation of circularization with exon skipped splicing remains to be further investigated in endogenous circumstance. Furthermore, it is still unclear under which condition(s) the spliceosomal machinery chooses either canonical splicing ( Fig. 2A) or back-splicing (Fig. 2B) to start with the production of a circRNA. These two steps may happen either stochastically or even synergistically.
Cis-Elements and Trans-Factors
Regulate the Competition Between Canonical Splicing and Back-Splicing
Albeit more stable as covalently closed circles 12, 16, 18, 20 and catalyzed by canonical spliceosomal machinery, 11, 28, 30 most circRNAs are less abundant than their linear mRNA counterparts. 12, 18, 20 One possible explanation is that back-splicing is unfavorable for spliceosome assembly and thus less efficiently catalyzed by the spliceosomal machinery. To overcome this natural disadvantage, both cis-elements and trans-factors are required to bring the downstream donor and upstream acceptor sites close together to promote back-splicing. For examples, several recent studies have reported that the processing of circRNAs can be facilitated by either RNA pairing of reversely complementary sequences across their flanking introns (Fig. 3A) 12, 18, 23, 31 or protein factors binding to pre-mRNAs to bridge flanking introns together (Fig. 3B) .
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RNA pairing across flanking introns is an efficient way to promote exon circularization. RNA pairing can be formed by either repetitive elements, such as the very abundant Alu elements 32 in human, or non-repetitive but complementary sequences. 12 Although short sequences (as small as 30 to 40 nucleotides) were observed to be able to sufficiently facilitate circRNA biogenesis, 31 a strong pairing capacity could dramatically enhance the production of circRNAs. 12 However, it is worth noting that RNA pairing is not always formed across flanking introns to facilitate back-splicing for circRNAs (top, Fig. 3C ), but can also be formed within an individual intron to promote canonical splicing for linear RNA formation (bottom, Fig. 3C ).
12 For example, a conserved RNA pairing within a long intron was reported to bridge the upstream splice donor site close to the downstream splice acceptor site, and thus could promote a canonical splicing for Rbfox-mediated exon inclusion. 33 Thus, the selection of RNA pairing across flanking introns or within a single individual intron leads to competition between backsplicing for circRNAs and canonical splicing for linear RNAs, which has been predicted to occur genome-wide and demonstrated in recapitulated assays. 12 It should be noted that being under regularoty control, the competition can be very dynamic, leading to different expression patterns of circRNAs and linear RNAs.
So far, 2 RNA binding proteins, muscleblind (MBNL1) and Adenosine deaminase 1 acting on RNA (ADAR1), have been reported to play a role in circRNA biogenesis, doing so by different modes of action. MBNL1 was shown to bind to its own pre-mRNA and bridge 2 flanking introns close together (Fig. 3B) to induce back-splicing, resulting in upregulated circRNA formation from its own RNA. 29 ADAR1 knockdown specifically up-regulates some circRNA expression, implying a role of ADAR1 in suppression of circRNA biogenesis. 23 Mechanistically, it was suggested that such regulation is associated with Adenosineto-Inosine (A-to-I) editing. 23 Double strand RNA (dsRNA) pairing structures are known as A-to-I RNA editing targets by ADARs. 34, 35 In the normal condition, highly enriched A-to-I editing in dsRNA regions could diminish RNA pairing Figure 1 . Back-splicing for circRNAs. Pre-mRNA can go through either high efficient canonical splicing to generate a linear RNA with exon inclusion (top) or low efficient back-splicing to produce both a circular RNA and an alternatively spliced linear RNA with exon exclusion (bottom). Canonical splicing signals and spliceosomal machinery are required for back-spliced exon circularization (blue bars). The coupling between splicing and back-splicing ( 1 -3 ) are discussed in text. ss, splice site.
www.tandfonline.com 383 RNA Biology structures, resulting in reduced RNA pairing and thus less efficient backsplicing for circRNA formation. Whereas, with the reduced level of A-to-I editing after ADAR1 knockdown, RNA pairing across flanking introns is more stable and favors backsplicing for circRNA production. 23 Notably, ADAR1 was recently shown to act as a dsRNA binding protein to interfere with microRNA processing, 36 thus it is also possible that ADAR1 may regulate circRNA formation directly through its dsRNA binding activity, independent of RNA editing. As there are hundreds (and maybe thousands) of RNA binding proteins, 37 it will be of interest to identify additional trans-factors involved in circRNA formation.
Alternative Circularization: Multiple Circular RNAs from a Single
Precursor RNA
It is becoming increasingly evident that circRNAs are not just by-products from mis-splicing or splicing errors, but are processed from regulated back-splicing with distinct sets of ciselements and/or trans-factors. Accordingly, some circRNAs were reported to be more abundant than their linear counterparts in certain cell lines 20 or upregulated during neural development in flies. 22 Remarkably, the production of circRNAs is even more complex with the Fig. 4A ), suggesting a role of competition between Alu pairing in the formation of alternative circularization. 12 In fact, the competition of RNA pairing across different flanking introns can be very complicated, due to the fact that the competition of RNA pairing happens either within repetitive or non-repetitive elements, 12 and that the RNA pairing can also be regulated by additional factors, such as RNA binding proteins. 23 In addition, multiple circRNAs can be produced from a single gene locus with the internal intron included or excluded (Fig. 4B) . 12, 20, 39 Interestingly, the level of internal intron retention within a circRNA can be very different when www.tandfonline.com 385 RNA Biology examined from various cell lines, suggesting that the inclusion of internal introns is under regulatory control. 20 Finally, multiple circular RNAs can also be generated from either exons or introns in a single gene locus (Fig. 4C , and data not shown) by distinct circular RNA formation pathways. For instance, a circular intronic RNA is produced from intron lariats that escape debranching (pink circle, Fig. 4C ) and the production of such circular intronic RNAs is highly associated with consensus motifs near to 5 0 splice sites and branchpoint sites (pink bars, Fig. 4C ).
17 While in the same locus, an additional circular RNA from back-spliced exons can be simultaneously generated (blue circle, Although endogenous conditions and regulations for alternative circularization are complex and require further investigation, the identification of alternative circularization definitely expands our understanding of backsplicing and its regulation.
Future Remarks
Genome-wide annotations have revealed that circRNAs are widely expressed in different cell lines and across various species, 12, 18, 19, 22, 23, 31 greatly expanding our understanding of the ever growing list of lncRNAs. Recent studies have uncovered that the processing of circRNAs is not only catalyzed by canonical spliceosomal machinery, 23, 30 but also regulated as canonical splicing by both cis-elements 12, 18, 23, 31 and transfactors. 23, 29 Given the discrete expression of circRNAs, additional cis-/transregulators involved in circRNA biogenesis are required to be further defined.
A challenging unanswered question is the function of circRNAs. Recently, a handful of circRNAs have been shown to be involved in gene expression regulation as miRNA sponges. 19, 21, 40, 41 Strikingly, some circular intronic RNAs and circRNAs with retained introns were also reported to function as positive regulators of RNA Pol II transcription in the nucleus. 17, 39 In addition, it has been proposed that some circRNAs may "sponge" other factors, such as RNA binding proteins. 42 The processing of circRNA biogenesis itself might also regulate the formation of linear mRNAs through the competition between splicing and back-splicing. 28 Since dozens of thousands of circRNAs have been identified, in the future, it will be of great interest to study what the vast majority of circRNAs can do in both physiological and pathological conditions.
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